ABSTRACT Inhibition of translation in hemin-containing reticulocyte lysates by catalytic subunit (cS) preparations of cAMPdependent protein kinase from bovine heart, reported earlier by our group, is due to a highly active heat-stable protein contaminant (HS). The specific activity for translational inhibition goes up by a factor of 10 when cS is heated for 10 min at 80fC, which completely destroys histone phosphorylation activity. HS has been purified to homogeneity from bovine heart. It consists of a single polypeptide chain (Mr 68,000). HS inhibits translation with biphasic kinetics similar to those of hemin deficiency and induces pronounced phosphorylation of the a subunit of the eukaryotic initiation factor eIF-2. The inhibition is relieved by eIF-2 or GTP but not by high concentrations of double-stranded RNA, thus ruling out involvement of the double-stranded RNA-activated inhibitor. Judged by poly(U) translation, HS has no effect on chain elongation. When added to crude preparations ofthe proinhibitor form (proHCI) of the heme-controlled translational inhibitor (HCI), HS appears to produce an increase of the HCI-to-proHCI ratio. The mode of action of HS is as yet unknown.
vated by low concentrations of ds RNA in the presence of ATP. Both HCI and DAI are cAMP-independent protein kinases that phosphorylate the a (38-kilodalton) subunit of the eukaryotic chain initiation factor eIF-2, causing translational inhibition. Once activated, HCI and DAI inhibit translation in reticulocyte lysates in the presence ofheme, but the mechanism ofactivation remains obscure (for a review see refs. 1 and 2). When looking whether HCI might be activated through phosphorylation catalyzed by a cAMP-dependent protein kinase, we observed that catalytic subunit (cS) preparations of cAMP-dependent protein kinase from bovine heart (BH kinase) inhibited translation in hemin-containing reticulocyte lysates and appeared to promote formation of active HCI (3) . Because other investigators (1, 4, 5) reported weak or no translational inhibition by various cS preparations we compared the activities of preparations of different degrees of purity on (i) histone phosphorylation and (ii) translational inhibition and found an inverse relationship between the two-i.e., preparations of lower specific activity for (i) had higher specific activity for (ii) and conversely (unpublished data). This clearly indicated that the translational effect was due to a contaminant. We now find that this contaminant is a heat-stable protein (HS). It has been purified to homogeneity from bovine heart and we report here some of its properties. HS promotes increased phosphorylation of the eIF-2 a subunit in reticulocyte lysates and may be similar to the heatstable reticulocyte factor of Henderson et al. (6) .
MATERIALS AND METHODS
Assays. HS was assayed by its inhibitory effect on translation in hemin-containing reticulocyte lysates. Translation was assayed in 30-,ul samples essentially as described by Hunt et (8) or the Bradford (9) procedure with bovine serum albumin as the standard. "Activation" of the proinhibitor (proHCI) was assayed by inhibition of either translation in hemin-containing lysates or ternary complex formation. The latter was measured by assay B, as described (10), with use of --25% pure eIF-2 CM350 ("t2 pmol of eIF-2) and crude eIF-2-stimulating protein (ESP) CM200 (-6 ,ug). The amounts ofproHCI and HS used in either assay are specified in the legends. Histone phosphorylation was assayed as described (3) . One unit of kinase activity was taken as the amount ofenzyme catalyzing the transfer of 1 pmol of32P from [y-32P]ATP to histone per min, under standard assay conditions, and the specific activity is expressed as units/mg of protein. The conditions for assay ofphosphorylation ofthe eIF-2 a subunit are described in the legend to Fig. 1D . Dephosphorylation of eIF-2(a-32P) in reticulocyte lysates was assayed under conditions optimal for translation as described in the legend to Fig. 2 .
Preparations. Rabbit reticulocyte lysates were prepared as described (7) . eIF-2 CM350 and ESP CM200 were prepared as described (10) . cS was prepared from Sigma BH kinase by the method of Rubin et aL (11) . It is referred to as cS-BHK. cS prepared from highly purified BH kinase (11) was a gift of R. Rangel-Aldao and 0. M. Rosen (Albert Einstein College of Medicine). It is referred to as cS-OMR. Homogeneous cS from BH kinase (12) was kindly provided by E. H. Fischer (University of Washington, Seattle). It is referred to as cS-EHF. Crude proHCI was prepared by the Gross and Rabinovitz procedure (13) as described (3), except that the lysate was directly chromatographed on CM-Sephadex to avoid pressure activation by high-speed centrifugation (1) . For preparation of eIF-2(a-32P), 360 ,ug of (==90% pure) eIF-2 (2,200 pmol), prepared by the Abbreviations: eIF-2, eukaryotic initiation factor 2; ESP, crude form of the eIF-2-stimulating protein (see ref. 10); Met-tRNAi, eukaryotic initiation methionyl-tRNA; BH kinase, cAMP-dependent bovine heart protein kinase; cS and rS, catalytic and regulatory subunits (or subunitcontaining fractions) of BH kinase; HS, heat-stable translational inhibitor from bovine heart; HCI, heme-controlled translational inhibitor (an eIF-2 a kinase); ds RNA, double-stranded RNA; DAL, ds RNA-activated translational inhibitor (another eIF-2 a kinase); proHCI, the proinhibitor (inactive) form of HCI; eIF-2(a-P), a-phosphorylated eIF-2; HCI(P), phosphorylated (active) form of HCI.
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Heating was for 10 min at 800C; cS and rS fractions in lines 2 and 4 were derived from Sigma BH kinase. ND, not detectable. 15 min at 80°C with continuous mechanical stirring and the copious precipitate was removed by centrifugation (step 3). The supernatant was applied to a column (0.9 x 58 cm) of DEAEcellulose (Whatman DE 52), previously equilibrated with buffer A containing 10 mM KCl, and washed with the same buffer until A2N was negligible. The column was then eluted stepwise with buffer A containing successively 80, 130, and 300 mM KC1. The translation inhibitory activity was eluted at 130 mM KC1. This fraction was dialyzed against buffer A containing 10 mM KCI (step 4). The step 4 solution was concentrated by filtration through an Amicon membrane, applied to a column (1.5 x 28 cm) of Sephadex G-200 (Pharmacia), previously equilibrated with buffer A containing 10 mM KCI, and eluted with the same buffer. Fractions, 0.5 ml, were collected. As seen in Fig. 1A , protein was eluted in two major peaks. The bulk of the translation inhibitory activity was in peak II and the corresponding fractions were pooled (step 5). A summary of the purification procedure is given in Table 2 . sin (not shown). Its apparent molecular weight from gel filtration data is about 70,000. NaDodSOpolyacrylamide gel electrophoresis (Fig. 1B) showed a single band (Mr 68,000) not only for step 5 but also for step 4 HS. This suggests that step 5 HS is monomeric and that peak I (Fig. 1A ) contains an inactive (or poorly active) polymeric form or aggregate of HS. HS inhibits translation in hemin-containing lysates with biphasic kinetics (Fig. 1C ) typical of hemin lack or HCI addition to hemincontaining lysates (1, 2) , and the inhibition is similarly relieved by large amounts of GTP or eIF-2 (Table 3) . Reaction with Nethylmaleimide does not affect HS activity. At high HS concentrations the inhibition may be greater than that caused by hemin deprivation alone (Fig. 1C) . These results suggest that the HS effect is HCI-mediated, and this suggestion is borne out by the fact that, whereas HS does not phosphorylate eIF-2 by itself (data not shown), it produces increased phosphorylation of the eIF-2 a subunit in lysates (Fig. 1D) . At high HS concentrations, this phosphorylation is greater than that caused by hemin deficiency (Fig. 1D, (Table 4) or (ii) inhibition of ternary complex formation (Table 5 ) and is also accompanied by significantly increased phosphorylation of the eIF-2 a subunit (not shown). DISCUSSION A homogeneous heat-stable protein (HS) isolated from bovine heart is a potent inhibitor of translation in reticulocyte lysates. We have not examined reticulocytes for a similar protein, but HS may well be the counterpart of the heat-stable reticulocyte factor of Henderson et aL (6) . Like the Henderson factor, HS has no effect on chain elongation [poly(U) translation]. Both factors inhibit chain initiation by promoting phosphorylation ofthe a subunit of the initiation factor eIF-2, and this effect appears to be mediated by HCI. HS could either activate HCI (or DAI) or inhibit protein phosphatase(s) acting on eIF-2(a-P), HCI(P), or both. Protein phosphatase inhibition was conceivable after the discovery of low molecular weight heat-stable protein inhibitors ofphosphorylase a phosphatase (17, 18) . DAI activation and inhibition of eIF-2(a-P) dephosphorylation can be ruled out, the former because high concentrations of ds RNA (which block DAI activation) are without effect on HS activity (not shown), the latter because eIF-2(a-32P) is rapidly dephosphorylated in lysates whether HS is present or not (Fig. 2) . The possibility that HS inhibits HCI(P) dephosphorylation has also been ruled out. As for activation, HS could activate HCI in various ways (direct or indirect, physiological or not)-e.g., conformational change, phosphorylation, limited proteolysis. t Proteolysis may probably be ruled out for protease inhibitors (phenylmethylsulfonyl fluoride, soybean trypsin inhibitor) did not affect the translation inhibitory activity ofHS, and ubiquitin (22, 23) had no effect on translation with or without HS. It may be tentatively concluded that HS inhibits translation in heminsupplemented reticulocyte lysates by augmenting the HCI-toproHCI ratio, resulting in increased phosphorylation of the eIF-2 a subunit, but it is not known whether HS is part of a physiological system of modulation of HCI activity or has no physiological role.
